The plant cytoskeleton is a highly dynamic and versatile intracellular scaffold composed of microtubules and actin microfilaments and plays an important role in many aspects of plant cell growth and development, including such fundamental processes as cell division, cell expansion, and intracellular organization and motility (Staiger, 2000; Wasteneys and Galway, 2003) . During evolution, plants have developed mechanisms to exploit, survive, or minimize the negative impact of a diverse range of environmental factors, and in many cases the plant cytoskeleton is instrumental in mediating the plant's response. Cytoskeletal elements, for example, translocate chloroplasts under high light conditions (Takagi, 2000) , facilitate gravity sensing (Blancaflor, 2002) , and direct cellular response to wounding (Foissner et al., 1996; Hush and Overall, 1996) . In addition to these abiotic factors, plants also encounter and must deal with a range of other organisms that may be potential partners or pathogens. Once again, the plant cytoskeleton plays a key role. In many ways, biotic factors in the environment present a greater challenge to the plant than do abiotic stresses because living organisms, like their plant hosts, are continually evolving. Potential pathogens develop new ways of avoiding or overcoming existing plant defenses; symbionts may attain aggressive traits or lose beneficial ones. Plants must thus constantly refine existing defenses and develop new strategies to maintain an upper hand in their interactions with other organisms. Changes in the organization of the plant cytoskeleton during plant interactions with microbial and other organisms are complex and varied, and much still remains to be elucidated, especially in terms of the molecules that signal and bring about the dramatic reorganizations that are often observed. This diversity and complexity is, no doubt, a product of many factors, including differences in signal exchanges between the interacting partners and the relative dominance of one or other organism. In many cases, the changes that are observed are likely to be the net result of instructions from both interacting organisms. In this article, we review current understanding of the role of the plant cytoskeleton in defense against invading fungal and oomycete pathogens and in establishing symbiotic relationships with mycorrhizal fungi and bacteria. We also review current information on the targeting of the plant cytoskeleton by viruses to enhance their movement and by signals from the female plant tissues as part of a mechanism of self-incompatibility.
PLANT CYTOSKELETAL RESPONSE TO PATHOGENIC FUNGI AND OOMYCETES The Role of the Cytoskeleton in Cytoplasmic Aggregation
Cell wall appositions, or papillae, are important barriers formed by plants in defense against attempted penetration by fungal and oomycete pathogens (Aist, 1976) . They develop below appressoria, adjacent to intercellular hyphae, and around penetration pegs and haustoria. Prior to the development of papillae, plant cytosol and subcellular components are rapidly translocated to the site of pathogen penetration (Fig. 1A) . This cytoplasmic aggregation has been observed in many plant-microbe interactions (see Takemoto et al., 2003) and is a common resistance response to pathogens by both dicotyledonous and monocotyledonous plants to invading filamentous pathogens.
Cytoplasmic aggregation is an example of sitedirected cytoplasmic streaming and is dependent upon the action of the actin component of the cytoskeleton, as was shown in the early 1980s using inhibitors of actin polymerization (Tomiyama et al., 1982; Hazen and Bushnell, 1983) . Complementing the pharmacological experiments, a variety of cytochemical labeling studies, including recent observations of living cells in which actin microfilaments were labeled with a green fluorescent protein (GFP)-tagged actin-binding protein, have revealed radial focusing of actin microfilaments on the pathogen penetration site in many plant-pathogen interactions (Figs. 1B and 2, A and B; Takemoto et al., 2003) . Cytoplasmic aggregation is usually associated with plant resistance. In flax (Linum usitatissimum)-Melampsora and barley (Hordeum vulgare)-Erysiphe interactions, for example, focusing of actin microfilaments at the penetration site is more extensive in resistant plants compared with susceptible hosts (Kobayashi et al., 1992 (Kobayashi et al., , 1994 , suggesting that the accumulation of material at the infection site is related to the degree of host resistance. However, there are some cases in which the intensity of the actin Figure 1 . A, Accumulation of cytoplasm in an Arabidopsis epidermal cell around the attempted penetration site of the nonpathogen, B. graminis f. sp. hordei. Bar 5 20 mm. B, GFP-tagged actin microfilaments focusing on the penetration site of B. graminis f. sp. hordei in an Arabidopsis epidermal cell. The fine actin microfilament network beneath the penetration site is likely to be indicative of active exocytosis. The asterisk indicates the attempted penetration site of the nonpathogen. Bar 5 20 mm. pgt, Primary germ tube; agt, appressorial germ tube; c, conidum; n, plant nucleus. C and D, Arbuscules of G. versiforme developing in cortical cells of M. truncatula labeled with wheatgerm agglutinin (left) and with anti-tubulin (right). During early development (C), a diffuse fluorescence of anti-tubulin occurs around the developing arbuscular branches. Later in development (D), a dense array of short microtubules lines the perifungal membrane around the arbuscules. Bars 5 10 mm. (Reproduced with permission from microfilament response does not correlate with the degree of resistance to pathogens. There is no detectable difference in the reorganization of actin microfilaments between nonhost, incompatible, and compatible interactions in Arabidopsis (Arabidopsis thaliana) challenged with oomycete pathogens (Takemoto et al., 2003) and in cowpea infected by Uromyces, a greater number of actin cables accumulated at the infection site in susceptible plants than in resistant plants (Škalamera and Heath, 1998) . Assessment of the contribution made by cytoplasmic aggregation to plant resistance may be complicated by an influence of the pathogen on host cell structure and metabolism. As well as redirection by the plant for defense purposes, redeployment of plant materials via cytoskeletal rearrangements could also be orchestrated by an invading pathogen as part of its strategy to obtain nutrients from the plant, as occurs during the development and function of haustoria of biotrophic pathogens. As discussed below, reorganization of plant cytoskeletal systems also takes place during symbiotic interactions and may be necessary for symbiont development and mutually beneficial nutrient exchange (Parniske, 2000) .
Although actin microfilaments are consistently observed to focus on the infection site, even in cases in which the plant fails to stop pathogen ingress, microtubule response to pathogen attack is much more variable in different plant-microbe interactions (Fig. 2,  A and B) . In barley-Erysiphe and flax-Melampsora interactions, radial arrays of microtubules form beneath the appressorium (Kobayashi et al., 1992 (Kobayashi et al., , 1994 , while in parsley (Petroselinum crispum)-or soybean (Glycine max)-Phytophthora sojae interactions, localized microtubule depolymerization has been observed (Gross et al., 1993; Cahill et al., 2002) . In nonhost, incompatible, and compatible interactions of Arabidopsis with P. sojae or different races of Peronospora parasitica, there is neither focusing nor large-scale disappearance of microtubules at the infection site, although diffuse GFP-tubulin fluorescence and a circumferential alignment of microtubules across cell boundaries are observed around the penetration site (Takemoto et al., 2003) . Both changes to the microtubular cytoskeleton in Arabidopsis could be due to selective depolymerization of microtubules that were oriented perpendicularly to the penetration site.
Such differences in microtubule behavior may be indicative of a less important role for microtubules in the plant defense response than for actin microfilaments. This conclusion is consistent with results of pharmacological studies with actin or microtubule polymerization/depolymerization inhibitors. It has been shown that in addition to effects on cytoplasmic aggregation and papilla formation (Kobayashi et al., 1997b; Škalamera et al., 1997) , cytochalasins (inhibitors of actin polymerization) suppress or delay other resistance reactions such as hypersensitive cell death ( Tomiyama et al., 1982; Hazen and Bushnell, 1983; Škalamera and Heath, 1998; Takemoto et al., 1999) and pathogenesis related protein expression (Takemoto et al., 1999) . Cytochalasin treatment also permits nonpathogens to penetrate barley coleoptile cells and form secondary hyphae (Kobayashi et al., 1997b) and, in combination with the eds1 (enhanced disease susceptibility1) mutation in Arabidopsis, allows Blumeria graminis (syn. Erysiphe graminis) to complete its lifecycle on the normally nonhost plant (Yun et al., 2003) . By contrast, treatment with microtubule inhibitors has only a minor impact on penetration susceptibility (Kobayashi et al., 1997b) and has no effect on callose deposition in papillae (Škalamera et al., 1997) , although it delays onset of the hypersensitive response in the flax-Melampsora system (Kobayashi et al., 1997a) . Together, these data suggest that microfilaments are the main cytoskeletal element responsible for the penetration resistance based on cytoplasmic aggregation and papilla formation at the infection site.
During cytoplasmic aggregation in response to pathogen attack in Arabidopsis, massive accumulation of endoplasmic reticulum (ER) and preferential residence of Golgi bodies and peroxisomes was observed around the penetration site, consistent with the production and localized secretion of plant material during wall apposition formation (Takemoto et al., 2003; D. Takemoto, unpublished data) . It is known that actin microfilaments influence the spatial organization of the ER and are responsible for the trafficking of Golgi bodies and peroxisomes in plant cells (Lichtscheidl and Hepler, 1996; Nebenfü hr et al., 1999; Mano et al., 2002) . In living epidermal cells of Arabidopsis in which ER or the Golgi apparatus was labeled with GFP-fusion proteins, Golgi bodies circulate within the cell but make frequent stops at the Blancaflor et al., 2001 ). E to I, Anti-tubulin labeling of microtubules in root hairs of M. truncatula before (E) and after (F-H) inoculation with rhizobia and in cortical cells (I). The helical array of cortical microtubules in the uninoculated hair (E) is replaced by a dense array connecting the nucleus with the tip of the hair (F and G) or the tip of the infection thread (H). Before the infection thread penetrates the cortical cells, a bridge of cytoplasm, the preinfection thread, forms in line with the advancing infection thread (I). Microtubules, nuclei, and infection threads are shown in green, red, and blue, respectively. E to H, Bars 5 5 mm; I, bar 5 15 mm. penetration site (Takemoto et al., 2003) . This is in contrast to the stable accumulation of ER membrane at this location. These observations suggest that movement of ER and Golgi bodies is regulated slightly differently during cytoplasmic aggregation (Takemoto et al., 2003) . Similar stop-and-go movement of Golgi bodies has been found in normal cytoplasmic streaming and has been interpreted as a mechanism for sitedirected secretion (Nebenfü hr et al., 1999) .
The importance of vesicle transport to and secretion at the infection site has recently been further illustrated by an Arabidopsis mutant, pen1, which has decreased resistance to penetration by the barley pathogen, B. graminis (Collins et al., 2003) . The pen1 gene encodes a plasma membrane syntaxin, AtSYP121, which is likely to facilitate membrane fusion during vesicle exocytosis at the infection site, as elsewhere on the plasma membrane. Interestingly, the higher rate of successful penetration by the barley pathogen in the pen1 mutant results in an increased incidence of hypersensitive cell death, a form of defense more typically employed during race-specific resistance (Collins et al., 2003) . These data suggest that inhibition of penetration through cytoplasmic aggregation and papilla formation is an early, if not the first, tactic in plant resistance and may be backed up by the hypersensitive response. Reduced papilla formation, as exemplified by less callose deposition around haustoria, in nim1/npr1 (noninducible immunity 1/ nonexpressor of pathogenesis related genes 1) mutant of Arabidopsis also leads to enhanced disease susceptibility in already susceptible wild-type plants (Donofrio and Delaney, 2001 ). Thus, the physical and chemical barrier resulting from actin-dependent A, Interaction between a plant and a filamentous pathogen, such as that between Arabidopsis and P. parasitica. Top, Microtubules (blue), actin microfilaments (red), and nuclei (green) before appressorium formation or attempted penetration. Bottom, Actin microfilaments become focused on the penetration site and the nucleus is moved close to the invading pathogen. B, Interaction between a plant and a filamentous pathogen, such as that between barley and Erysiphe. Top, Cytoskeleton and nucleus before appressorium formation. Bottom, Microtubules and actin microfilaments become focused below the infection site and the nucleus also moves to this site. C, Cytoskeletal rearrangements during colonization by an arbuscular endomycorrhizal fungus. Before colonization, microtubules and actin microfilaments are aligned in ordered cortical arrays in cortex cells (C, subsection 1). During arbuscule development (C, subsection 2), actin microfilaments and apparently unpolymerized tubulin occur next to the perifungal membrane around the arbuscule. As the arbuscule matures (C, subsection 3), dense arrays of short microtubules and actin microfilaments line the perifungal membrane. The plant cell nucleus becomes positioned adjacent to the arbuscule. D, Infection thread formation during interaction of rhizobia with legume roots. In uninoculated root hairs (D, subsection 1), microtubules are axial or helically aligned and actin microfilaments are axially aligned in the cortex and endoplasm. The nucleus is positioned about 30 to 40 mm from the tip of the hair. After inoculation (D, subsection 2), dense arrays of microtubules and actin microfilaments form in the hair apex; the nucleus is moved closer to the hair tip and the cytoskeleton becomes focused on the site of growth as the hair begins to curl. As the infection thread grows along the root hair (D, subsections 3 and 4), microtubules line the plasma membrane surrounding the infection thread. A bridge of cytoplasm containing a parallel array of microtubules forms in cortical cells in alignment with the advancing infection thread (D, subsection 4). cytoplasmic aggregation, secretion, and papilla formation appears to constitute an important and probably ancient form of basal resistance to pathogen attack (Thordal-Christensen, 2003) .
A full understanding of the cytoskeletal basis of cytoplasmic aggregation will require identification and characterization of proteins involved in the signaling pathways that induce cytoskeletal rearrangement and of proteins responsible for bringing about cytoskeletal reorganization and function. It is likely that this phenomenon utilizes regulatory proteins that participate in other forms of cytoplasmic streaming, as well as additional factors specific for the localized defense response. Proteins that generate intracellular motility, like myosin for example, are likely to be important components (Shimmen and Yokota, 2004) . The activity of plant myosin is inhibited by Ca 21 ions at concentrations of 1 to 10 mM , a concentration range comparable to that found in parsley cells after elicitor treatment (Blume et al., 2000) . Myosin could thus be a target for stop signals that bring about the temporary residence of Golgi bodies at the penetration site, as described above. Similarly, the formation of thick microfilament bundles focusing on the infection site (Fig. 1B) could involve actin-bundling proteins, such as villin and fimbrin (Vidali et al., 1999; Kovar et al., 2000) . In addition, control of localized secretion at the infection site could employ mechanisms similar to those operating during tip growth of plant cells. Vesicle exocytosis at the growing tip of root hairs or pollen tubes is activated by a Ca 21 gradient and involves Ca 21 channels, RAC/ROP G-proteins, and actin depolymerization factor (Hepler et al., 2001; Camacho and Malhó , 2003; Chen et al., 2003) . Influx of Ca 21 is also a widespread and early response of plants to pathogen attack (Scheel, 1998) and could be the trigger for site-directed exocytosis of anti-microbial material during cytoplasmic aggregation. Consistent with this idea, a recent study shows that three barley RAC/ROP G-proteins are required for enhanced accessibility, i.e. increased penetration, of B. graminis f. sp. hordei on host barley plants (Schultheiss et al., 2003) , although the function of barley RAC/ROP G-protein has not been determined. Plant RAC/ROP G-proteins have been shown to control various cellular processes that include H 2 O 2 production and localized microfilament assembly (Yang, 2002) . The expansion of knowledge of plant actin-binding and regulatory proteins in recent years (Wasteneys and Galway, 2003) will undoubtedly help elucidate the role of these proteins in remodeling the actin cytoskeleton during cytoplasmic aggregation and the plant defense response.
PLANT CYTOSKELETAL RESPONSE TO MYCORRHIZAL FUNGI
The establishment of symbiotic associations between plants and mycorrhizal fungi is of widespread occurrence and considerable importance for plant growth. There are two main categories of mycorrhizal symbiosis, ectomycorrhizal and endomycorrhizal associations. Ectomycorrhizal fungi do not penetrate the host cell wall but form a dense layer, called the mantle, on the surface of the root and a network of intercellular hyphae within the root tissues (the Hartig net). In endomycorrhizae, fungal cells penetrate the plant cell wall and elaborate specialized infection structures within the plant cell (as defined by the plant cell walls) although, like intracellular infection hyphae and haustoria of biotrophic fungal pathogens, they remain surrounded and separated from the host cytoplasm by an intact plant plasma membrane.
Increases in expression of tubulin genes and concentrations of plant a-, b-, and g-tubulins and actin have been observed in a variety of ecto-and endomycorrhizas (Bonfante et al., 1996; Diaz et al., 1996; Niini et al., 1996; Timonen et al., 1996; Timonen and Peterson, 2002) . Studies of cytoskeletal behavior in ectomycorrhizal associations are limited but suggest that microtubules and actin microfilaments may be largely unaffected by the proximity of intercellular hyphae except, perhaps, in heavily colonized regions where the density of both cytoskeletal arrays was substantially decreased (Timonen et al., 1993; Timonen and Peterson, 2002; Kuga-Uetake et al., 2004) . Studies of endomycorrhizal associations involving arbuscular and orchid mycorrhizae, on the other hand, have revealed dramatic reorganization of the plant cytoskeleton during the development of the symbiotic relationship. In arbuscular mycorrhizas, the invading fungus forms coils and trunk hyphae that develop into progressively finer elements, culminating in a highly branched arbuscule inside the root cell. Orchid symbionts also form coiled hyphal masses, called pelotons, within the host cells. In both cases, after fungal invasion, plant microtubules and actin microfilaments disappear almost entirely from the plant cell cortex and assemble close to the surface of the trunk hyphae, arbuscules, or pelotons (Figs. 1, C and D, and 2C; Genre and Bonfante, 1997; Peterson, 1997, 1998; Genre and Bonfante, 1998; Matsubara et al., 1999; Blancaflor et al., 2001; Armstrong and Peterson, 2002) . In Medicago truncatula, at an early stage of arbuscule development by Glomus versiforme, bright diffuse fluorescence is seen around the arbuscular branches following anti-tubulin labeling (Figs. 1C and 2C, subsection 2; Blancaflor et al., 2001) . At later stages of development, short microtubules are closely associated with plasma membrane (perifungal membrane) surrounding the labyrinthine surface of the arbuscule (Figs. 1D and 2C , subsection 3). After arbuscule or peloton senescence, microtubules and actin microfilaments disappear from around the collapsed fungal structures and reappear in the plant cell cortex. In both cases, this cycle can be repeated if the plant cells become reinfected. g-Tubulin has been showed to be associated with the nuclear envelope and perifungal membrane in tobacco (Nicotiana tabacum) arbuscular mycorrhizas (Genre and Bonfante, 1999) . As g-tubulin is often concentrated in microtubule organizing centers, the presence of g-tubulin in the perifungal membrane may be indicative of the nucleation of microtubules at this site, rather than their movement from the cell cortex or nucleus.
The role of the perifungal arrays of microtubules and actin microfilaments is still unknown. However, some of the first clues as to the importance of the plant cytoskeleton in the establishment of endomycorrhizal associations have come from a recent study of a symbiosis-defective mutant of Lotus japonicus, Ljsym4-2 (Genre and Bonfante, 2002) . In wild-type plants, the symbiotic fungus, Gigaspora margarita, invades and forms small coils in epidermal cells and then grows through to the inner cortex where arbuscules develop. In epidermal cells, cortical arrays of microtubules and actin microfilaments are maintained after hyphal penetration, although additional arrays of both elements surround the invading hyphae and the nucleus that moves to a position close to the invading hyphae. As in other endomycorrhizas, arbuscules in the inner cortex cells are surrounded by a dense network of microtubules and actin. By contrast, in the Ljsym4-2 mutant, the fungus never gets past the epidermis. Localized depolymerization of microtubules and actin microfilaments occurs at the penetration site before the arrays are progressively disassembled. The nucleus fails to move toward the invading hyphae and the epidermal cell dies. Throughout the interaction, cells adjacent to the colonized epidermal cells retain normal cytoskeletal arrays. The authors liken the response in the mutant to that of the hypersensitive response to pathogenic fungi in resistant plants.
THE ROLE OF THE PLANT CYTOSKELETON IN ESTABLISHMENT OF A SYMBIOTIC RELATIONSHIP WITH RHIZOBIA
Changes in cytoskeletal arrays in root hairs and cortical cells occur during the establishment of a symbiotic relationship with certain gram-negative bacteria collectively called rhizobia, and it is clear that microtubules and actin microfilaments play active and necessary roles in root hair curling, growth of the infection thread, and root nodule development.
Changes in the Plant Cytoskeleton in Root Hairs following Inoculation
Rhizobial attachment, or application of host-specific nodulation (Nod) factors Riely et al., 2004) , causes a localized influx of calcium, depolarization of the plant plasma membrane, alkalinization of the cytoplasm, and curling (or deformation) of the hair (Felle et al., 1998; Cárdenas et al., 2000; Esseling et al., 2003; Shaw and Long, 2003) . Before bacterial attachment or Nod factor application, microtubules and actin microfilaments within the root hair usually display an overall axial or helical alignment (Miller et al., 1997; Timmers et al., 1999; Sieberer et al., 2002; Ditengou et al., 2003; Weerasinghe et al., 2003) in both cortical and endoplasmic cytoplasm. Microtubules extend between the nucleus and the tip of the hair and are responsible for maintaining the nucleus in a subapical position about 30 to 40 mm behind the apex (Sieberer et al., 2002) . Thick bundles of actin microfilaments in vacuolate regions of the cell merge into finer bundles in the subapical cytoplasm (Cárdenas et al., 1998; De Ruijter et al., 1999; Miller et al., 1999) and are responsible for cytoplasmic streaming and localized vesicle exocytosis at the tip of the hair (Staiger et al., 1994; Valster et al., 1997; Miller et al., 1999) .
Within minutes of exposure to rhizobia or Nod factors, a localized depolymerization of both microtubules and actin microfilaments occurs at the tip of root hairs (Cárdenas et al., 1998; Cárdenas et al., 2003; Weerasinghe et al., 2003) although in both cases, cytoskeletal arrays similar to those in untreated cells reassemble within about an hour. Prior to root hair curling, the array of longitudinally oriented microtubules between the nucleus and the tip of the root hair increases in density, and the nucleus moves closer to the tip of the hair (Figs. 1, E and F, and 2D, subsections 1 and 2; Timmers et al., 1999) . As the root hair begins to curl, entrapping rhizobia between the root hair cell walls, the focus of this microtubule array moves from the tip of the hair to the new growth site (Figs. 1G and 2D subsection 2; Timmers et al., 1999; Timmers, 2000) . The plasma membrane adjacent to the bacteria invaginates (Gage and Margolin, 2000; , initiating infection thread formation that is further delineated by deposition of cell wall material on the outside of the host plasma membrane. Microtubules line the plasma membrane surrounding the infection thread and continue to connect the nucleus to the tip of the infection thread as it grows (Figs. 1H and 2D, subsection 3) . In hcl (hair curling) mutants, which are defective in root hair curling, a dense microtubule array forms as usual between the nucleus and tip of the hair and the nucleus migrates to the tip; however, the microtubule array does not adopt the asymmetric arrangement that in wild-type plants would be focused on the new growth point (Catoira et al., 2001 ). These observations are consistent with a role of microtubules not in root hair tip growth per se, but in regulating the direction of growth, as demonstrated in uninoculated Arabidopsis hairs (Bibikova et al., 1999; Whittington et al., 2001; Sieberer et al., 2002) .
Dense arrays of actin microfilaments, similar to those in growing root hairs, also build up in the subapical cytoplasm soon after Nod factor treatment . Net-axial arrays of microfilaments are present in outgrowths that subsequently emerge from the deformed root hair tip (Miller et al., 1999) . If the fine bundles of actin microfilaments in the tip of the hair are depolymerized by treatment with cytochalasin D, deformation but not new outgrowth occurs. These results are consistent with a role of the subapical actin microfilaments in targeting vesicle exocytosis to the growing tip of the hair (Miller et al., 1999) .
Changes in the Plant Cytoskeleton in Cortical Cells in Response to Inoculation
Attachment of bacteria or application of Nod factors at the root surface also induces cellular rearrangements and cell divisions in the root cortex and the formation of a nodule primordium. An increase in tubulin gene expression has been detected 18 to 24 h after bacterial inoculation in pea (Pisum sativum), correlating with the induction of cell division in the inner cortex (Stotz and Long, 1999) . About the same time as infection thread initiation, the cytoplasm in the cortical cells underlying the infected root hair becomes polarized. In outer cortex cells of temperate legumes that form indeterminate nodules, the normal cortical arrays of transverse, oblique, or longitudinal microtubules disassemble, and parallel, anticlinal arrays of microtubules form within a bridge of cytoplasm, the preinfection thread, that contains the nucleus and is in line with the approaching infection thread (Figs. 1I and 2D , subsections 3 and 4; Timmers et al., 1999) . Similar cytoplasmic bridges are also formed during infection of actinorhizal nodules by nitrogen-fixing actinomycetes in the genus Frankia (Berg, 1999) . The preinfection thread appears to be analogous to the phragmosome that forms in vacuolate cells before cell division (Panteris et al., 2004) ; however, the outer cortex cells arrest in G2 and do not divide (Yang et al., 1994) . As the infection thread grows across the cortical cells, it is surrounded by a network of microtubules that also connect it to the host cell nucleus (Timmers et al., 1999) and by actin microfilaments (Davidson and Newcomb, 2001a) . The hcl mutant, which fails to develop asymmetric microtubule arrays in the root hairs, is also unable to form preinfection threads (Catoira et al., 2001) .
When the infection thread reaches the nodule primordium, bacteria, enclosed by the plant plasma membrane, are released into the host cell cytoplasm forming symbiosomes. As the infected cells mature, a stratification of organelles develops and is likely to be important for optimizing nodule function. The arrangement of microtubules and actin microfilaments in these cells is consistent with their role in determining cellular architecture within the nodule, although definitive evidence to support this hypothesis is still lacking.
Cortical microtubules may be responsible for maintaining mitochondria and plastids in the periphery of nodule cells (Timmers et al., 1998; Whitehead et al., 1998; Davidson and Newcomb, 2001b) . In alfalfa and pea, radial arrays of microtubules emanating from the cell periphery are likely to orient and position elongated symbiosomes that lie perpendicular to the cell walls (Timmers et al., 1998; Whitehead et al., 1998; Davidson and Newcomb, 2001b) . In pea and soybean, actin microfilaments also occur in the cell cortex, parallel to the microtubules, and both cytoskeletal elements form arrays surrounding the nucleus (Whitehead et al., 1998; Davidson and Newcomb, 2001a) . In addition, a network of fine actin microfilaments is dispersed throughout the cytoplasm in an arrangement consistent with a role in the spatial organization of the symbiosomes (Whitehead et al., 1998; Davidson and Newcomb, 2001a) . Involvement of profilin in restructuring the actin microfilament arrays is suggested by the identification of at least five profilin isoforms in Phaseolus vulgaris root nodules arising from the expression and posttranslational modification of one of two profilin genes in this plant (Guillén et al., 1999) .
IS THE PLANT CYTOSKELETON TARGETED BY PATHOGENIC BACTERIA?
Rhizobia and many plant and animal bacterial pathogens possess the type-III secretion system that injects bacterial proteins (effectors) into the host cytoplasm (Cornelis and Van Gijsegem, 2000; Bü ttner and Bonas, 2003) . In animals, the host cytoskeleton, in particular actin microfilaments, is a major target of type-III effectors for pathogen virulence (Cornelis and Van Gijsegem, 2000; Galán and Zhou, 2000; Shao et al., 2002) . Type-III effectors YopE and YpkA from Yersinia spp., for example, bind to Rho GTPases that are key regulators of the actin cytoskeleton. Both effectors cause disruption of actin stress fibers (Bü ttner and Bonas, 2003) , and reorganization of the actin cytoskeleton is associated with entry of the bacteria into the animal cell (Galán and Zhou, 2000) . Various type-III effectors of plant pathogenic bacteria are virulence factors that suppress plant defense responses such as hypersensitive cell death and expression of defense genes (Jackson et al., 1999; Abramovitch et al., 2003; Hauck et al., 2003) . As yet there are no reports of type III effectors targeting plant cytoskeletal elements, although an effector from Xanthomonas campestris, AvrBs3, induces mesophyll cell swelling (Marois et al., 2002) , a response that could be indicative of disruption to the plant microtubule cytoskeleton. Genome-wide analysis of Pseudomonas syringae pv. tomato DC3000 has revealed that it contains at least 36 type-III effectors whose function is poorly understood (Collmer et al., 2002) . Future research will determine if the plant cytoskeleton is a target for some of these proteins.
THE ROLE OF THE PLANT CYTOSKELETON IN VIRUS INFECTION
In contrast to the plant-microbe interactions described in preceding sections of this article, plant-virus interactions are not mediated across the boundary of the plant plasma membrane but instead occur intracellularly within the host cytoplasm where viral and plant encoded proteins can interact directly. The plant defense response against virus infection incorporates silencing of viral gene expression and salicylic acid mediated resistance (Singh et al., 2004) , and in plantvirus interactions, it is the virus that appears to utilize the plant cytoskeleton for disease spread rather than the plant using it to mediate its own defense response.
Recent studies of plant-virus interactions have not only uncovered new information on the mechanisms of virus dissemination but have also contributed to our understanding of the molecular basis of fundamental plant processes, such as intracellular and intercellular trafficking and posttranscriptional gene silencing (Roberts and Oparka, 2003; Lecellier and Voinnet, 2004) . Key discoveries in these studies have included the localization of viral movement proteins (MPs) to plasmodesmata and their ability to increase the size exclusion limit of plasmodesmata (Tomenius et al., 1987; Wolf et al., 1989) . These results have led to the idea that, in order to spread throughout the host plant, viruses mimic plant proteins and commandeer plant mechanisms for intracellular and intercellular trafficking of macromolecules. Viral MPs have been used as experimental probes to isolate plant factors involved in viral infection and plant transport processes and have identified candidate proteins associated with the nucleus, plasmodesmata, and the cytoskeleton (Oparka, 2004) . Since 1995, when it was shown that viral MPs interact with actin microfilaments and microtubules (Heinlein et al., 1995; McLean et al., 1995) , evidence has accumulated that both cytoskeletal systems may act as conduits not only for viral RNAs and virions but also for plant macromolecules to reach plasmodesmata (for review, see Lazarowitz and Beachy, 1999; Tzfira et al., 2000; Heinlein, 2002) . Nevertheless, current data show that transport of MPs and spread of virus can occur independently of the plant cytoskeleton. The following discussion highlights some of the recent evidence for and against the involvement of the plant cytoskeleton in the development of viral diseases in plants.
Involvement of the Plant Cytoskeleton in Virus Movement
Tobacco mosaic virus (TMV) is a single-strand RNA virus that encodes a 30-kD MP that has been shown to bind to single-strand RNA, actin microfilaments, microtubules, and the ER, and to accumulate at and increase the size exclusion limit of plasmodesmata during TMV infection (Heinlein, 2002) . Discovery of the direct interaction of TMV MP with microtubules and actin microfilaments led to the idea that the plant cytoskeleton might function as a scaffold for targeting viruses to plasmodesmata.
MPs of TMV and related tobamoviruses possess a short conserved motif that is similar to a motif in plant a-, b-, and g-tubulins that mediates lateral association of microtubule protofilaments (Boyko et al., 2000) . Single amino acid mutations in this motif can confer temperature sensitivity to the association of MP with microtubules and, at nonpermissive temperatures, reduce intercellular transport of viral RNA, giving evidence of a correlation between the MP's ability to interact with microtubules and cell-to-cell movement of virus (Boyko et al., 2000) . Association between TMV MPs and microtubules is resistant to high salt treatment, a feature that could be indicative of integration of the MP into the microtubule lattice. If this were the case, intracellular transport of MP and bound viral RNA might occur through microtubule treadmilling and polymerization-depolymerization dynamics (Boyko et al., 2000) . In support of this idea, there are data indicating that MPs can influence microtubule dynamics. TMV MP introduced into mammalian cells associates with microtubule nucleating sites causing microtubule detachment from centrioles, a process that increases microtubule dynamics (Boyko et al., 2000) . In addition, a microtubule binding protein encoded by potato virus X (PVX), in conjunction with PVX virions, has been shown to induce microtubule polymerization (Serazev et al., 2003) . TMV virions do not have this effect, perhaps because TMV is transported as a viral RNA-protein complex (Heinlein, 2002) , whereas PVX moves through plasmodesmata as virion-like filamentous particles (Santa Cruz et al., 1998) .
However, despite the evidence of MP binding to microtubules and its apparent mediation of microtubule-based movement of virus, the results of a number of other studies indicate that viral spread and transport of MP can occur independently of plant microtubules. In tobacco, neither drug-induced microtubule depolymerization nor silencing of the a-tubulin gene has any significant effect on the spread of TMV or the accumulation of MP at plasmodesmata (Gillespie et al., 2002; Kawakami et al., 2004) . By contrast, intracellular and intercellular movement of TMV replication complexes has been shown to be affected by latrunculin B, an inhibitor of actin polymerization (Kawakami et al., 2004) .
A single amino acid change in TMV MP can lead to an association of MP with cortical ER instead of microtubules (Fig. 1, J and K; Gillespie et al., 2002) . The GFP-tagged mutated MP, MP R3 -GFP, moves from cell-to-cell five times faster that wild-type MP-GFP and shows a higher activity in increasing the plasmodesmatal size exclusion limit. During spread of TMV infection, wild-type MP-GFP appears as a ring of fluorescence at the infection front (Gillespie et al., 2002) . This pattern is thought to arise through the breakdown of MP at the center of the infection. MP R3 -GFP, on the other hand, appears as a fluorescent disc rather than a ring. Treatment with a proteasome inhibitor led to wild-type MP-GFP displaying a fluorescence pattern similar to that of MP R3 -GFP. Building on a previous report of the ubiquitination and subsequent degradation of MP by the 26S proteasome (Reichel and Beachy, 2000) , the authors interpret their data as indicating that plant microtubules, rather than being essential for cell-to-cell movement, may be part of a mechanism to degrade TMV MP. 
Interaction of Cytoskeleton-Binding Proteins with Viral MPs
Recently, a TMV MP-binding protein, MPB2C, was isolated from tobacco and found to have homologous sequences only in plant species (Kragler et al., 2003) . Expression of both TMV MP-GFP and MPB2C-RFP (red fluorescent protein) in tobacco epidermal cells, revealed that MPB2C colocalizes with TMV MP at microtubules but not on the ER. Cell-to-cell movement of MP-GFP was inhibited by overexpression of MPB2C-RFP, whereas that of the ER-associated MP R3 -GFP was not affected (Kragler et al., 2003) . The authors interpret these results as indicating that MPB2C is a negative effector of microtubule-mediated TMV movement. A protein, At4/1, with weak homologies to myosin and kinesin, has been identified in Arabidopsis and found to interact with the putative MP of tomato spotted wilt virus (von Bargen et al., 2001) . At4/1 could mediate cytoskeleton-dependent intracellular trafficking of the virus.
Involvement of the Plant Cytoskeleton in Viral Tubule Distribution
MPs of some viruses, such as grapevine fanleaf virus (GFLV), form tubules that facilitate the movement of virus-like particles through plasmodesmata in infected host plants (Fig. 1, L-N ; Ritzenthaler et al., 1995; Lazarowitz and Beachy, 1999) . GFP-tagged GFLV MP expressed in tobacco BY-2 cells forms tubules associated with plasmodesmata at cell plates and young cross walls (Laporte et al., 2003;  Fig. 1, L-N) . Tubule formation is inhibited by brefeldin A, an inhibitor of Golgi-ER membrane trafficking (Nebenfü hr et al., 2002) , but not by cytoskeletal inhibitors, suggesting that tubule formation is reliant on the plant secretory pathway but not on an intact cytoskeleton. However, oryzalin-induced depolymerization of microtubules led to loss of polarity in the distribution of GFP-MP tubules that were found over the whole cell surface rather than preferentially accumulating at young cross walls. Cytochalasin D or latrunculin B, inhibitors of actin polymerization, did not have any effect on tubule formation or their distribution, although simultaneous treatment with oryzalin and latrunculin B resulted in cytosolic localization of tubules. These results indicate that the GFP-MP tubules are transported via a microtubule-dependent pathway, although microfilaments function in the transport process if microtubules are depolymerized.
A ROLE FOR THE CYTOSKELETON IN SELF-INCOMPATIBILITY
During pollination with compatible pollen, growth of the pollen tube is extremely rapid and is dependent upon intact microtubule and actin microfilament cytoskeletons (Hepler et al., 2001; Raudaskoski et al., 2001) . Plants employ a number of mechanisms to stop self-pollen from fertilizing the ovule, including the degradation of pollen RNA by stigma RNAases (Kao and Tsukamoto, 2004) . In Papaver, growth of selfpollen is rapidly and specifically arrested by stigmatic S (self-incompatibility) proteins via increased levels of cytoplasmic calcium in the pollen tube . Treatment with S-protein causes rapid reorganization and depolymerization of endoplasmic actin microfilament bundles in incompatible pollen of Papaver rhoeas, indicating that actin microfilaments are one of the components targeted during arrest of pollen tube growth in this form of self-incompatibility ( Fig. 3 ; . Artificial elevation of cytosolic calcium levels increases the G-actin binding activity of pollen profilin, and causes the depolymerization of actin microfilaments (Snowman et al., 2002) . In P. rhoeas pollen, a gelsolin-like protein, designated PrABP80, binds to actin microfilaments, causing Ca 21 -dependent severing of actin microfilaments and enhancing profilin-mediated actin depolymerization by blocking the barbed ends of actin microfilaments (Huang et al., 2004) . These data suggest that PrABP80 could function as the main regulator of actin depolymerization in this self-incompatibility response. In addition to the rapid arrest of pollen tube growth, S-protein treatment can also trigger programmed cell death of self-pollen (Thomas and Franklin-Tong, 2004) , giving support for earlier suggestions of overlapping mechanisms in self-incompatibility and hypersensitivity-mediated plant defense against pathogens (Dickinson, 1994) . 
CONCLUDING REMARKS
In most plant-microbe interactions, the development of structured cytoskeletal arrays at the interaction site is associated with outcomes that are beneficial to the plant. Examples include the radial arrays of actin microfilaments and microtubules that accompany cytoplasmic aggregation during defense responses against invading pathogens, the dense network of actin microfilaments and microtubules that forms around arbuscules and peletons of mycorrhizal fungi, and the lattice of actin microfilaments or radial array of microtubules found among symbiosomes in root nodules. There is evidence of the increased stability of actin to proteolytic degradation in all these circumstances through actin monoubiquitylation (Dantán-González et al., 2001 ). On the other hand, degradation of the plant cytoskeleton is often associated with outcomes of plant interactions with other organisms that are detrimental to the plant. Both microtubule and actin microfilament arrays are lost during invasion by the Lotus mutant that is unable to develop a functional mycorrhizal symbiosis, and degradation of actin microfilaments results in arrest of self-pollen. Both cytoskeletal arrays are also disrupted or completely depolymerized during feeding cell formation by rootinfecting nematodes (de Almeida Engler et al., 2004) .
These observations underscore the important role played by the plant cytoskeleton in mediating the plant cell's response to biotic factors. It is clear that remodeling of the plant cytoskeleton is instrumental in achieving structural responses to other organisms, for example, in forming an apoplastic barrier to arrest pathogen ingress. Changes in cytoskeletal organization may also facilitate signaling of the presence of symbionts or pathogens on the plant surface. There is growing evidence that actin and microtubule arrays in plant cells participate in signaling cascades initiated at the plasma membrane, enabling adaption to environmental factors (Abdrakhamanova et al., 2003; Gardiner et al., 2003; Sivaguru et al., 2003; Šamaj et al., 2004a , 2004b . It is likely that research over the next few years will further elucidate the role of the plant cytoskeleton in signal transduction and the plant response to pathogens and symbionts.
